A main goal of surgical simulators is the creation of virtual training environments for prospective surgeons. Thus, students can rehearse the various steps of surgical procedures on a computer system without any risk to the patient. One main condition for realistic training is the simulated interaction with virtual medical devices, such as endoscopic instruments. In particular, the virtual deformation and transection of tissues are important. For this application, a neuro-fuzzy model has been developed, which allows the description of the visual and haptic deformation behavior of the simulated tissue by means of expert knowledge in the form of medical terms. Pathologic conditions affecting the visual and haptic tissue response can be easily changed by a medical specialist without mathematical knowledge. By using the personal computerbased program Elastodynamic Shape Modeler, these conditions can be adjusted via a graphical user interface. With a force feedback device, which is similar to a real laparoscopic instrument, virtual deformations can be performed and the resulting haptic feedback can be felt. Thus, use of neuro-fuzzy technologies for the definition and calculation of virtual deformations seems applicable to the simulation of surgical interventions in virtual environments.
Introduction
During the training of aircraft pilots, it is taken for granted that many successful flights in a simulator will be completed before the pilot flies a real airliner. This process is reasonable because of the increasing complexity of airliners and the new risks resulting from stressing the pilot with supervision of the large number of flight control instruments. However, in the field of surgery, training is performed in more traditional ways. One way to perform surgical training is to use actual patients. However, the risk to the patient is very high because the duration of general anesthesia is increased. Moreover, it is risky to let a student operate for the first time if his or her reactions under maximal stress conditions are unknown.
Surgical training can also be performed with animal models such as pigs or rabbits. However, the cost of the animals, general anesthesia, and maintenance of surgical units and instruments makes use of animal models impossible in small or medium-sized medical centers and uncommon even in the best-equipped medical centers (1) . Besides, in many countries, use of animals for experimental surgery is controversial or even prohibited.
In some medical centers, surgical training is performed partially on cadavers because their anatomic structure is similar to a patient's anatomy. Unfortunately, besides the high costs and poor availability of cadavers, the response of cadaveric tissue is not realistic (2) .
Finally, so-called pelvitrainers are on the market, which allow the use of real surgical instruments. These devices are inexpensive but require the additional use of a camera, a video screen, a coldlight source, and the anatomic piece, which is introduced into the box. Furthermore, a teacher is required to supervise the student, and experience has shown that students tire quickly when using a pelvitrainer (3) .
Because of these problems with traditional training methods, the development of surgical simulators appears to hold promise. With training devices for the simulation of surgical manipulations, the quality of surgical interventions could be increased while reducing the risk to the patient. Computer-assisted surgery is already used for procedure training and operation planning. Most of the currently used methods are based on static visualization techniques (4) . To improve the benefits for surgical training, a visually convincing static model of the operation scenario and the involved tissues is not sufficient because tissues can be deformed at contact and transections can be made. Especially for the interaction with medical devices, such as endoscopic instruments, it is necessary to simulate the deformation of tissue under the influence of collision forces in real time, which means at least 10-15 frames per second (5) .
To meet the real-time requirement with acceptable realism, we have developed a simulation model, which is motivated by a combination of a fuzzy system and an artificial neural network, a so-called cooperative neuro-fuzzy system (6) . By using a fuzzy system, it is possible to integrate expert knowledge in the form of medical terms to define the visual and haptic response of the tissue deformation model. In addition, with artificial neural network techniques, it is possible to automatically enhance the simulated realism by using measured data or data obtained with more exact (non-real time) simulation models of the tissue for learning.
In this article, an overview of surgical simulators is presented and simulation of deformations is discussed. The Elastodynamic Shape Modeler program (7) is then described in detail. This tool was designed to support the user in modeling deformable objects. It allows the use of simple medical knowledge to change the deformation behavior of tissue and was optimized for the design of spring-mass objects for real-time simulation. Finally, examples of applications of the Elastodynamic Shape Modeler are presented.
Surgical Simulators
The aim of most surgical simulators is to provide as realistic an experience as possible. High-quality computer reconstructions of human anatomy have already been achieved and provide excellent tools for anatomic visualization (8) . However, if real-time interactions are required, computation time can become a severely limiting factor, especially for the simulation of virtual tissue deformations. To achieve real-time deformations, polynomial interpolations are often used, such as nonuniform rational B-splines (9) (10) (11) (12) . With these methods, deformations are dependent on the displacement of local control points. Physical relationships such as mass, inertia, and applied force are not considered.
Haptic interaction and force feedback, which are important for some interventions (13) , increase the demand for computational power because smooth force feedback requires update rates of about 1,000 Hz (14) . To reduce the computational demands, in most cases only the depth at which a tool penetrates the tissue surface is considered (14) .
Other approaches use spring-mass models (15) to simulate tissue deformation. (See the section entitled "Structure of Spring-Mass Models" later in this article.) However, it is sometimes difficult to model three-dimensional continuum mechanics by using the one-dimensional elements of spring-mass models (16) . For example, models for volume-preserving deformations are hard to create.
Finite element modeling is widely considered the best method of simulating virtual deformations. With finite element models, the object's space is tessellated into finite pieces or elements (eg, lines, tetrahedrons, cubes) and a mathematical model description is thus constructed, which can be solved by means of numerical approximations. Therefore, finite element modeling can be seen as a generalization of spring-mass modeling. A great deal of research has been directed toward applying such models to biologic structures (16) (17) (18) (19) . However, because of the highly computational nature of finite element modeling, its direct application to provide force feedback and real-time visualization of tissue deformation is not practical in most cases (16) .
To provide an overview of surgical simulators with regard to currently used simulation models, a few selected systems are presented in this section. Most of these simulators are designed for a specific type of surgical training. Adaptation to different surgical scenarios is usually very expensive. Later in this article, we present a model that was designed to support the simulation and the modeling process of virtual surgery.
Nasal Endoscopy Simulator
The Fraunhofer Institute for Computer Graphics, in cooperation with Mainz University Hospital, is currently developing an interactive medical simulation system for nasal endoscopy and endonasal sinus surgery (12) . The prototype of the training simulator consists of a graphics workstation, a tracking system, surgical instruments, a plastic model of the head, and a polygonal representation of the nasal cavity. Two different approaches are implemented to simulate tissue deformation: One method is based on spring-mass models, and the other approach uses polynomial interpolations. However, the developers admit that the simulation model has to be improved to allow realistic interventions with force feedback. The reasons for this deficiency are the simple deformation models used and the unknown-and therefore estimated-physical parameters, which are necessary for the description of virtual deformations (12) .
Simulators for Gynecology
A low-cost training simulator was developed by Jambon et al (1) in 1997. The simulator consists of a box fitted with dummy instruments and tracking sensors. The user is able to train using a camera and two instruments. Each step is composed of a training part and an evaluation part. A collision detection algorithm is implemented to avoid unwanted collisions between the (virtual) instruments and the cavity or organs. However, a tissue deformation model and tactile feedback are not provided. Therefore, this simulator is actually a system for procedure training.
One of the improved simulators for gynecology was developed by Székely et al (19) . This simulator uses finite element modeling to simulate tissue deformations. The anatomic model, which consists mainly of the uterus, ovaries, and fallopian tubes, is described with 2,000 finite elements, which allow very exact physically based deformations. However, for a real-time simulation, about 20 billion floating-point operations are necessary, which greatly exceeds the current limit of about 0.4 billion floating-point operations with conventional microprocessors. To meet these requirements, Székely et al (19) suggested solving the model by using massive parallel computers, but so far no implementation has been presented.
Bronchoscopy Simulator
A training system for bronchoscopy is already commercially available (PreOp; HT Medical Systems, Rockville, Md). According to the developers, this system is "the first fully 3D surgical simulation system with realistic commercial and medical application" (20) . The system was developed for a personal computer, and therefore there are strong limitations in terms of computational power. A flexible bronchoscope was created by using a physical model of the tip combined with a kinematic model of the body of the scope. Global deformations to imitate physiologic effects are not simulated but are modeled by an editor. The simulation of deformations is limited to local deformations of polyps. However, because of the excellent effects, which appear almost like the ones in video games, the simulator could be a great tool for training in surgical interventions. No clinical studies have been performed so far, but the motivation to "play" with the system might be very high.
Simulator for Intravenous Catheterization
Another training simulator that is commercially available is a system for peripheral intravenous catheter insertion (CathSim; HT Medical Systems), a procedure performed in 80% of hospitalized patients (21) . Again, the platform for the system is a standard personal computer, and thus the physical simulation is reduced to the required minimum. An interaction between a needle and the venous system, which is described by a simple spring-mass model, results in a deformation of the vein. Also, a local deformation of the skin resulting from pressure by the needle is simulated. Although the simulated intervention and the models used are very simple, initial studies have shown that students' response is positive, especially because of the realism of the system (22) .
Simulation of Deformations
To simulate the dynamics of deformable organs, common approaches mainly use polynomial interpolations, finite element models, or spring-mass models. The approximation of deformations by polynomial interpolations usually leads to unrealistic models (16) . Simulations based on finite element modeling are mostly realistic if the parameters of the model are correctly defined, but the computation is very time-consuming. Thus, these models are inapplicable for real-time simulations of complex objects (19) . Spring-mass modeling, which is a special and simplified form of finite element modeling, is faster but sometimes less realistic, mostly because the required physical parameters, which describe the stiffness and damping, are hard to obtain and thus are often estimated. Nevertheless, simulators based on spring-mass models seem to be accepted in clinical studies (22) .
Therefore, we used an approach based on a spring-mass model for the development of surgical simulators. To simplify the definition of the physical parameters, fuzzy techniques were intro- duced to support the user in defining the deformation behavior of virtual tissues. Furthermore, learning techniques derived from artificial neural networks have been developed to learn or optimize the parameters if measured data from real objects are available (23) . In this section, we provide an overview of the structure and creation of springmass models and describe the specific implementation that led to development of the Elastodynamic Shape Modeler.
Structure of Spring-Mass Models
Every tissue has an assigned mass, elasticity, and viscosity. The appearance or behavior of any deformation depends on these parameters to a great extent. Further parameters (depending on the model structure used) are, for example, friction and fragility. These parameters are not considered in the following discussion, but they can be defined by the presented approach as well. In spring-mass models, the whole mass of the elastic objects (eg, virtual organs) is divided up between the mass points of the model, which are represented as nodes in a mesh (15, 24) . Every node of the mesh can be connected elastically and/or viscously to its neighbors. The connections are represented as springs. One of the first applications of spring-mass models for the simulation of elastic deformable models was developed by Terzopoulos et al (25) . Some improved techniques have been presented (17, (26) (27) (28) .
With a spring-mass model, deformations, transections, and coagulations can be performed virtually by applying external forces to the nodes of the mesh (Fig 1) . These forces are caused, for example, by the collision with virtual instruments. Also, the displacement of a node can be given and the resulting forces can be calculated. To improve the quality of the visualization, parts of the organs can be drawn as solid, textured geometries. By using spring-mass models, the fallopian tube can be deformed by virtual instruments (eg, a coagulator). The positions of the nodes that are directly affected by the collision are changed depending on the movement of the coagulator. The displacement of the other nodes is computed correspondingly, and thus a deformation could affect the whole model.
With this model, the inertia and torque of a structure can be simulated as well (30) . Simulation of these parameters is necessary for the simulation of gravity, which also affects the fallopian tube, for example. In addition, incisions can be simulated by fractionalizing springs.
Creation of Spring-Mass Models
One main difficulty in developing surgical simulators is the creation of appropriate anatomic models. Because of the wide differences in the appearances of various pathologic conditions, these models must be created with three-dimensional computer-aided design or specific modeling tools (Fig 2) . However, the created models can be used only to visualize static anatomy, for example, in anatomic atlases. To use these models in surgical simulation, a conversion to springmass models must be performed.
Nearly all three-dimensional models created by modeling software consist of sets of connected triangles or triangular meshes. The edges of these triangles can be converted into springs and the vertices into nodes of a spring-mass model (eg, the model of the uterus in Fig 1) . With traditional methods of simulating deformable objects, this direct conversion is not possible because the resulting appearance of deformation depends on the structure of the spring-mass model used to a great extent. However, with neuro-fuzzy systems, the deformation behavior can be learned from real tissues or can be defined with simple linguistic terms regardless of the model's structure (31) . Of course, such simulation is possible only if the organs' shapes are connected with other organs or cavities because the converted models are only surface models without internal stabilization. For organs that are freely movable (eg, a dissected fallopian tube), it might be necessary to insert additional springs for stabilization of the outer shape. Without these springs, the object might collapse like an empty plastic bag. The additional springs can be added as lines within the modeling tool. Thus, it is possible to create complex structures that are, for example, partially volume preserving.
To simplify the creation process, we developed the Elastodynamic Shape Modeler program, which transforms triangular meshes and line sets into spring-mass models. This tool is described later in this article.
Simulation of Deformations by Using Spring-Mass Models
Spring-mass models of elastic objects can be simulated "as a whole," a process comparable with the computation of conventional differential equation systems. This process is called total deformation (32) and is especially useful if the objects are not fixed or connected with other objects. For example, the fallopian tube shown in Figure 1 is simulated with total deformation. However, total deformation can be used in real time only with small objects consisting of only about 1,000 nodes and springs. Shapes created with standard modeling software have up to a few hundred thousand triangles. Thus, the mesh is usually too complex to compute a total deformation in real time, even if the number of triangles is reduced by using simplifying algorithms for triangular meshes (33) .
However, most anatomic structures in the human body are fixed and connected with other organs and the surgical area is usually limited, especially in minimally invasive surgery. Therefore, it is usually not necessary to simulate the whole deformable object. Large models with more than 10,000 springs can be simulated with local deformation (32) . Local deformation is the same as total deformation except that local deformation is limited to the part of the organ directly influenced by the contact with an instrument. Local deformation can be achieved with a recursive computation algorithm starting from the center of the collision, for instance.
Simulation of Spring-Mass Models by Using Neuro-Fuzzy Systems
Fuzzy systems and neural networks are successfully used in the areas of control theory, data analysis, and knowledge-based systems (6) . Fuzzy systems can be used to describe the behavior or to derive parameters of dynamic systems, even if only vague data about the system are available (34) . Artificial neural networks, also known as connectionist models, consist of a number of independent, simple processors: the neurons. These neurons communicate with each other via weighted connections, the synaptic weights. Artifical neural networks differ in the way in which the neurons are connected, in the way the neurons process their input, and in the propagation and learning methods used. Therefore, an appropriate network structure has to be selected for a specific problem. For example, recurrent neural networks can be used to simulate the dynamic of time-dependent systems (35) . A major benefit of neural networks is their ability to generalize by learning from sample data. Thus, they can learn to approximate specific but unknown mathematical functions. For a more detailed description of and introduction to artificial neural networks, see references 36 and 37. Neuro-fuzzy systems combine the advantages of both techniques, particularly the ability to learn of neural networks and the interpretability of fuzzy systems (6) . Therefore, a cooperative neuro-fuzzy approach for the description and simulation of elastic tissue in virtual medicine was chosen.
The developed network uses a problem-specific structure. The structure of the neural network was designed to speed up the simulation and learning process for spring-mass models. The structure implements the system of differential equations that are defined by the spring-mass model (15, 24) . The simulation process is performed by the propagation function of the recurrent neural network. Furthermore, the neural network can be used to learn or adapt the physical parameters of the dynamic system if measured data are available (23) . For a more detailed definition of the model structure, see reference 31.
The (initial) network parameters can be derived with the fuzzy system if prior knowledge (eg, medical descriptions of the tissue's stiffness) is available. This knowledge is used to define the behavior of the simulated tissue, as presented in the following section.
Parameter Initialization of Spring-Mass Models by Using a Fuzzy System
Since the artificial neural network described in the previous section is designed according to a physical spring-mass model, any method that can be used to identify the physical model parameters can be used to initialize the network parameters (ie, its weights). Fuzzy systems have the advantage of using linguistic terms to define specific characteristics of a physical system (33) . Thus, they can be easily transferred to different domains and support even untrained users in defining appropriate initial parameters for the network.
A fuzzy system consists of r parallel fuzzy rules. Let x 1 , ..., . A fuzzy set is described by a characteristic function with values in the interval [0, 1], which defines the degree of membership to the linguistic term. The closer the membership degree is to 1, the more the predicate is satisfied.
To calculate the output of this system, the outputs of every rule are first computed. Then, all outputs are combined into a single system output (usually a fuzzy set). A crisp (exact) output value is derived by a defuzzification procedure (eg, the center of gravity of the resulting fuzzy set). To construct a fuzzy system, the fuzzy rules as well as the membership functions describing the fuzzy sets have to be defined. The fuzzy sets and fuzzy rules can be obtained by interviewing experts (34) or can be learned from data by using neuro-fuzzy learning methods (6) .
The fuzzy system used for the initialization of the physical model parameters describes the relations between vague knowledge of the object (eg, "very hard," "elastic," "soft") and the network parameters. As input values (domains), terms like "hardness," "elasticity," "weight," and "consistency" are used. The fuzzy system can be easily extended to different domains. A sample rulebase is presented in Table 1 . As input values, linguistic terms or discrete values can be used, and the output values determine the physical parameters of the network model.
The Elastodynamic Shape Modeler program, which is presented in the following section, uses a fuzzy system to support the definition of the physical parameters for spring-mass objects. 
Elastodynamic Shape Modeler
To simplify the creation process for spring-mass models, the Elastodynamic Shape Modeler program was developed. This tool allows the use of simple expert knowledge to define or modify the deformation behavior of the tissue. In this section, the creation of deformable tissue models and the components of the Elastodynamic Shape Modeler are described, and a sample description of the fuzzy system is presented.
Creation of Deformable Tissue Models
To create deformable models of tissue or organs, geometric descriptions have to be defined by using a conventional modeling tool. (See the section entitled "Creation of Spring-Mass Models" earlier in this article.) These descriptions can be imported directly into the Elastodynamic Shape Modeler, which automatically converts the static graphic description into a deformable or elastodynamic description. To enhance the visual realism of virtual deformations, the Elastodynamic Shape Modeler is used to easily change the parameters affecting the deformation. For this application, a data structure has been developed, which is fully embedded in the three-dimensional graphic library Open Inventor (38) . Open Inventor is available for many computer platforms ranging from personal computers to fast graphics computers. Therefore, it can be used in a wide range of applications.
For instance, the Elastodynamic Shape Modeler represents the surface of a ventricle-the system of liquid-filled cavities in the human brainas an imported model (Fig 3) . In a real simulator, the instrument would be inside the ventricle and the view would be transendoscopic. This simulator, which was developed by using the Elastodynamic Shape Modeler, is a training system for surgery of ventricular tumors. Thus, only the surface of the ventricle has to be considered because it is the only part of the brain in which visible interactions with the virtual instrument occur.
The whole model of the ventricle (Fig 3) consists of 19,462 nodes and 58,410 springs. Therefore, it is not possible, even on high-end personal computers, to perform a total deformation. Hence, the example shows a local deformation with a recursive depth of 10 springs. Thus, stabilization of the ventricle's structure is not necessary. In this context, deformations on the inside or outside of the ventricle appear the same.
The Elastodynamic Shape Modeler is not itself a surgical simulator but rather a tool for creating deformable or elastodynamic models, which can be used in a simulator. Nevertheless, it implements basic simulator techniques such as collision detection and virtual instruments to manipulate the simulated object. By using Elastodynamic Shape Modeler's surface editor, the material of the object can be modified. A manipulator box around the object is used to change the size and orientation. With a virtual instrument, which is manipulated by a computer mouse, the surface can be deformed. In addition, it is possible to connect a force feedback device (Laparoscopic Impulse Engine; Immersion, San Jose, Calif) for controlling the virtual instrument, thus enabling the user to feel the haptic response and resistance of the deformation.
The Elastodynamic Shape Modeler creates initial parameters for the required physical parameters (eg, spring and viscosity constants) to define a standard deformation behavior. It is unlikely that the initial parameters of the spring-mass model allow a realistic deformation. Therefore, a fuzzy system (described in the section entitled "Parameter Initialization of Spring-Mass Models by Using a Fuzzy System" earlier in this article) is integrated into the Elastodynamic Shape Modeler. The fuzzy rulebase is used to define or modify the parameters of the elastodynamic shapes in an arbitrarily defined ellipsoid region (Fig 4) (3) . Thus, specific parts of the network can be defined separately to enable the simulation of tissue consisting of different layers (eg, a ventricular tumor).
Components of the Elastodynamic Shape Modeler
All components of the Elastodynamic Shape Modeler are realized in a graphical user interface. The current version was developed for use with Windows 95, 98, or NT 4.0 (Microsoft, Redmond, Wash). Nevertheless, the generated elastodynamic model is platform independent because the required components are written in C++ and fully embedded in the graphic library Open Inventor.
The main components of the Elastodynamic Shape Modeler are as follows (Fig 4): 1. The object window shows the elastodynamic object (eg, the surface of a ventricle of the human brain).
2. The information window displays global data about the object (ie, the number of nodes and springs, the size of the object, and its center point). This information is useful in resizing the object to its real (anatomic) extents.
3. By using the region selector box, an arbitrary ellipsoid region can be defined. The parameters of only the nodes and springs inside the ellipsoid are modified. This function is used to indicate the shape of a region (eg, a ventricular tumor) and define a different deformation behavior for it.
4. By using the fuzzy rules window, the (predefined) fuzzy rulebase for the derivation of the model parameters can be modified if necessary. In most cases, the predefined rulebase can be used without any modifications. Special surgical applications could require different rulebases, which can be loaded from a disk. At present, we have rulebases for simulators in gynecology and neurosurgery.
5. By using the domain editor, the fuzzy domains and fuzzy sets can be modified if necessary. Tissue resistance can be adjusted from nearly solid to very soft with the predefined fuzzy domains and fuzzy sets. Special medical terms can be defined by fuzzy domains. The meanings of the terms are described by trapezoidal fuzzy sets.
The four values that define each trapezoid can be given directly. As an alternative, dragging the arrows moves the trapezoid or its values.
6. The fuzzy input window allows definition of the tissue's deformation behavior by means of sliders. The sliders are automatically adjusted according to the terms used in the fuzzy system. In this way, the Elastodynamic Shape Modeler can be easily adapted to different application domains, or user-specific profiles can be defined. In addition, the window contains sliders for the output values (eg, friction). If certain physical parameters are known, these parameters can also be considered.
Sample Description of the Fuzzy System
To clarify the use of the fuzzy system, an example created for the neurosurgery simulator ROBO-SIM (39,40) is presented. The fuzzy rulebase was designed in consultation with neurosurgeons. As fuzzy domains, we use the terms "consistency," which is used mostly to describe different tumors; "sensitiveness," which is used to describe the global behavior; and "shiftability," which is used to define the interaction between the instrument and tumors beneath the surface. The possible values of the input terms are defined as follows: For consistency, "solid," "hard," "soft," "wobbly," "doughy," or "mushy"; for sensitiveness, "very large," "large," "medium," "small," or "very small"; and for shiftability, "large," "medium," or "small." The resulting physical parameters (output values) of the model are "viscosity," "spring_ const," and "friction." The possible values of the terms are defined as "very_small," "small," "medium," "large," and "very_large." All terms are defined by fuzzy sets (Fig 5) . For the input values, any intervals for the coordinate systems can be defined. The intervals for the output values are the physical values of the model's parameters (eg, newtons per meter for the spring constant). To simplify the definition of fuzzy sets, a partitioning like the one for "sensitiveness" or "viscosity" can be defined automatically on the basis of the required number of fuzzy sets.
The rulebase describes the relation between the input and output values. The rulebase for ROBO-SIM is defined as shown in Table 2 . To change the deformation behavior of the virtual tissue, the fuzzy input window (see previous section) can be used. As an alternative, the input fuzzy sets can be described directly by name (eg, "Consistency IS wobbly AND sensitiveness IS medium").
Examples of Applications
The underlying theory of the simulation of deformations with neuro-fuzzy systems was proposed in 1997 (30) . At that time, no simulation system with neuro-fuzzy systems was realized; nevertheless, the publication described a possible application for surgical simulation. However, the first implementation was too slow for real-time applications. The improvement of the propagation process (see the section entitled "Simulation of Spring-Mass Models by Using Neuro-Fuzzy Systems" earlier in this article) enhanced the simulation speed so that a prototype of a simulator for gynecology named SUSILAP-G could be developed at the beginning of 1998 (29) (Fig 6) . Further improvements of the simulation process, the introduction of different simulation techniques (eg, local deformation), and the use of high-end graphics systems made a more complex system possible (32) . Figure 1 shows parts of this system with more complicated anatomy and larger springmass models than in the prototype. This surgical simulator already used fuzzy rules for description of the elastodynamic parameters. However, modification of the deformation behavior required the direct use of the surgical simulator on an expensive high-end graphics system. Thus, we developed the Elastodynamic Shape Modeler on a personal computer (7) to enable the medical expert to change the tissue behavior directly at or near his or her usual workplace and to simplify the creation process. Of course, the export of the elastodynamic models in a defined file format was required. On the basis of this file format, a database of tissue models was integrated for easy accessibility of virtual organs for different surgical areas. In addition, the user interface was redesigned to be more comfortable.
Another surgical simulator that uses elastodynamic models created by the Elastodynamic Shape Modeler is the simulator ROBO-SIM (39, 40) . It was developed as part of the ROBOSCOPE project (http://www.ibmt.fhg.de/Roboscope/home.htm), which is partly financed by the European Community. ROBO-SIM is a simulator for minimally invasive neurosurgery. Minimally invasive neurosurgery is mainly of importance for treatment of diseases in the central area of the brain, which is accessible to the surgeon only by transgression of healthy brain tissue. Besides occlusive hydrocephalus and cystic brain tumors, ventricular tumors (ie, tumors within the system of liquid-filled cavities of the brain) are the major indication for minimally invasive neurosurgery. These tumors are directly approachable from the ventricle; thus, it is possible to describe the shape of the ventricle as an elastodynamic surface.
During manipulations in simulated microsurgery, the visualized area of the surgical field is very small; a general survey of the anatomic context is required only at intervals. Therefore, for removal of a ventricular tumor, it is sufficient to simulate the deformation of only the tumor. By using local deformation, such a complex object as the ventricle can be simulated in real time (Fig 7) . The simulated surgical view is intentionally different from a transendoscopic view to provide a better overview of the situation from a technical standpoint. However, visualization of the surgical field for virtual surgery would primarily be transendoscopic (Fig 8) . MR images relative to the tip of the endoscope are also given (Fig 9) . Although ROBO-SIM is still under development, first clinical tests will start as part of the ROBOSCOPE project in the summer of 2000. 
Conclusions
Visual realism is usually not the same as physical realism. For example, a deformation model can be created according to the most accurate physically based methods. It would be expected that the visual realism would also be very high. However, this outcome is usually not possible because all physically based methods need a great number of parameters, which are unknown in most cases; in particular, the parameters describing the deformation behavior of tissue are usually difficult to obtain. Incorrectly defined or estimated parameters usually lead to unconvincing simulations (16) . Thus, many research groups try to find ways of determining the parameters with noninvasive methods, but these methods are still under development (16) . Furthermore, some of these approaches, especially the speed-optimized methods, cannot be used if tissue cutting has to be performed.
On the other hand, visual realism can be achieved with very fast polynomial interpolations or simplified physically based methods, as demonstrated by the PreOp and CathSim simulators. The disadvantage of these methods is that they are usually implemented for certain applications, and the portability to other applications is very low.
To solve the problems of physically based approaches and to achieve nearly the computational speed of polynomial interpolations, a neural network architecture (37) has been developed to simulate spring-mass models. In this way, it is possible to learn the parameters of the physical model and to speed up the simulation by using problem-specific propagation. Furthermore, a fuzzy system was implemented to initialize the network parameters if prior knowledge about the model (eg, stiffness, elasticity, shiftability) is available (7) .
By using the Elastodynamic Shape Modeler software, the creation of deformable objects for the application in surgical simulators is simplified. Anatomic models created with standard modeling software are converted into spring-mass models. The parameters of these spring-mass models can be defined to obtain visually convincing realtime deformations in virtual reality applications. Unlike with other approaches, the necessary physical parameters can be adjusted by using common linguistic terms (eg, "elasticity" or "consistency"), which are modeled with fuzzy techniques. The input values of the fuzzy system (eg, the degree of elasticity) can be easily changed by means of sliders in a graphical user interface. Any change in the sliders results in a different deformation behavior. The different deformation behavior can be verified optically and haptically with an interactive simulation on the computer screen and with a force feedback device until a medical supervisor confirms the realism of the deformation.
Since the deformation behavior of tissues is inhomogeneous, the local parameter adaptation techniques realized by the Elastodynamic Shape Modeler are very important in modeling nodules, polyps, or tumors. Therefore, this modeling tool can be used to improve surgical simulators. Each set of parameters, which is a description of the tissue's deformation behavior, can be saved for later use in different applications. Thus, the portability of the deformable objects created is very high.
The deformation model presented in this article is already being used in simulators for minimally invasive surgery in gynecology (29) and neurosurgery (39) ; further systems in different areas of medicine are planned or are already in development. Although clinical studies have not yet started, the initial results have been accepted positively by medical experts. The first clinical tests of ROBO-SIM will be performed in the summer of 2000. Thus, use of neuro-fuzzy technologies for the definition and calculation of spring-mass models seems applicable to the simulation of deformations in virtual environments such as virtual surgery.
